Guan Y, Worrell RT, Pritts TA, Montrose MH. Intestinal ischemia-reperfusion injury: reversible and irreversible damage imaged in vivo.
ISCHEMIA OCCURS WHEN AN ORGAN lacks sufficient blood supply as a result of, for example, trauma, shock, surgery, or organ transplantation. Ischemia leads to cellular dysfunction and necrosis (14, 15, 17, 21, 24) . Paradoxically, restoration of blood flow after ischemia (reperfusion) may increase rather than decrease tissue damage as it abruptly reintroduces oxygen that stimulates the production of free radicals that promote or accelerate necrosis (2, 22, 32) . As a result of this "oxygen paradox" (18) , ischemia followed by reperfusion (IR) can severely injure the intestinal mucosa, sometimes causing patient's death (3, 26) . Therefore, there is a strong interest in understanding and counteracting the damaging effects of IR on the intestinal mucosa.
The design of IR-protective treatments will be facilitated by increasing insight into the sequence of cellular and molecular events that take place during IR-induced intestinal injury. There is abundant information on the compromising effects of IR on many processes in the intestine, such as capillary blood flow (13, 23) , villus structure (4, 36) , mucosal permeability (29, 30) , and mitochondrial activity (7, 16) . Present protective treatments of IR damage include the application of various extracellular signaling molecules and the manipulation of a variety of intracellular signaling pathways (3, 31) , but relatively little is known about the early events that trigger the switch from reversible mucosal injury to the irreversible damage that leads to necrosis of epithelial villus cells in the intestine (3) . Obtaining such knowledge requires information about events early in ischemia and during the period shortly after starting reperfusion.
Here, we describe the development of a mouse intestinal model for observing the acute mucosal events that accompany intestinal IR damage in real-time, using intact exteriorized jejunum in vivo. To identify possible damage at an early stage of ischemia that might be reversible by subsequent reperfusion, we choose an ischemia period of 15 min ("short ischemia"). To compare this situation with a state where irreversible damage would start to occur, a period of 40 -50 min of ischemia ("long ischemia") was applied. The observed heterogeneity of villus responses to IR may explain confusion about the time sequence of events during IR damage, and the differential response to short vs. long ischemia indicates a window of opportunity to reverse IR damage.
MATERIALS AND METHODS
Animal preparation. Wild-type male ICR mice, aged 10 -12 wk, with a weight of 30 -35 g, were housed at room temperature on a 12/12-h light-dark cycle. They were fed standard rodent diet with free access to water until 1 h before anesthesia by intraperitoneal injection with ketamine hydrochloride (Ketaject; Phoenix Scientific, St. Joseph, MO; 100 mg/kg body wt) and thiobutyl barbital (Inactin; Sigma Chemical, St. Louis, MO; 120 mg/kg body wt). A tube (polyethylene tubing, PE-90; Becton Dickinson, Parsippany, NJ) was inserted into the trachea to facilitate breathing. Approximately 1.5 cm of jejunum was exteriorized, and a segment having vascular supply by the central vessel (extramural peri-intestinal marginal artery, PIMA) was selected for experimentation. Collateral blood supply of the segment was restricted by bilateral ligation of the intestine to form a closed loop of jejunum that included the area imaged by confocal microscopy. The segment of the ligated loop was slit open by electrocauterization at the antimesenteric side (where vessels are thin and sparse and cauterization hardly causes any bleeding that would obscure imaging), and luminal contents were rinsed out with saline. The area that could be imaged was situated halfway between the mesenteric and antimesen-teric sides (Fig. 1A) . The animal was placed lateral decubitus on the heated stage (37°C) of an inverted Zeiss LSM 510 2-photon microscope (Carl Zeiss, Jena, Germany), with the exposed mucosa facing the Zeiss C-Apo ϫ40 water immersion objective lens. The mucosal surface was constantly superfused at 0.2 ml/min (push/pull syringe pump; KD Scientific, Holliston, MA) with 150 mM NaCl. The superfusate was in equilibrium with the atmospheric oxygen concentration, and under control (non-IR) condition intestinal segments survived for up to 4 h without any visible deterioration (Y. Guan and M. Montrose, unpublished observations). In some experiments, the opened portion of the intestine was also studied under a Leica MZ16FA stereo fluorescence microscope (Leica, Wetzlar, Germany), and images that spanned the entire mesenteric to antimesenteric region were collected with a Leica DFC 480 digital camera.
All experimental protocols have been approved by the University of Cincinnati Animal Care and Use Committee and comply with NIH guidelines.
Ischemia and reperfusion. An inflatable vesicular clamp (vascular occluder, cuff diameter 1.5 mm, model OC1.5; In Vivo Metric, Healdsburg, CA) was placed around the PIMA (Fig. 1A) , and ischemia was induced by gently inflating the clamp remotely using air pressure provided by a syringe. Deflating the clamp started the reperfusion interval (Fig. 1B) . These procedures caused minimal tissue motion and allowed individual jejunal villi to be imaged at high resolution throughout 15 min (short) or 40 -50 min (long) of IR. The rate of epithelial microvascular blood flow in the villi was determined by imaging the velocity of red blood cells (RBC) using confocal reflectance or fluorescent images collected and analyzed after labeling blood with fluorescein dextran (70 kDa, 10 mg/ml, 2 ml/kg body wt; Molecular Probes, Eugene, OR) intravenously via the tail vein, according to Refs. 20 and 25.
Confocal imaging. Hoechst staining and NAD(P)H autofluorescence, indicating mitochondrial metabolic activity, was studied by two-photon microscopy with 730-nm excitation with a femtosecond pulsed titanium sapphire laser (60 -70 mW light input to the scan head, Mai Tai; Spectra-Physics, Mountain View, CA) and 435-485 nm emission. General tissue morphology was imaged by confocal reflectance of incident laser light, and the intracellular pH (pH i) of villus cells was determined by confocal microscopy of tissues loaded with BCECF (2Ј,7Ј-bis [2-carboxyethyl]-5[6]-carboxyfluorescein; Molecular Probes; excitation 458/488 nm and emission Ͼ505 nm). For dye loading, a thin cannula (polyethylene tubing, PE-50; Becton Dickinson) was inserted into the ligated segment, and 5 M BCECFacetoxymethyl ester in saline was infused and kept in the closed lumen loop for 20 min at room temperature, with only very gentle segment distention. Villus cell permeability was monitored by adding 50 M Lucifer Yellow (LY; CH lithium salt; Molecular Probes) to the superfusate (excitation 458 nm, emission Ͼ505 nm).
Image analysis and statistics. Digital images collected with the Zeiss confocal microscope were analyzed using Metamorph software (Molecular Devices, Downingtown, PA), and blood flow was analyzed with a Zeiss LSM Image examiner (Carl Zeiss). Data were expressed as means Ϯ SE of multiple experiments. Means were tested for statistical significance by Student's paired t-test (GraphPad Prism; GraphPad Software, San Diego, CA) or by ANOVA followed by Bonferroni's post hoc test (SigmaPlot; Systat Software, San Jose, CA) (␣ ϭ 5%).
RESULTS
The goal of this study was to track in real-time the responses to short (up to 15 min) as well as to long (40 -50 min) IR. Multiple parameters for the functioning of individual villi and enterocytes were measured, including villus blood flow and the morphology, permeability, metabolism [NAD(P)H], and pH i of villus epithelial cells.
Blood flow. The fidelity of monitoring the response to IR in individual villi is ultimately dependent on assuring the cessation of blood flow in the local environment during vessel occlusion. To obtain a reliable indicator of villus blood flow, observations were made in three ways, in stereo microscope bright field images to study global blood flow in main vessels at both the mesenteric and antimesenteric intestinal side, and in planar (XY) confocal and in confocal line scanning (XT) images to assess RBC speed in the villus microvasculature.
Stereo microscopy showed that the fidelity of restoring villus blood flow during the reperfusion interval varied depending on the duration of ischemia and the region of the intestinal segment. Directly upon ischemia, blood flow halted and blood pooled in all main vessels ( Fig. 2A, ii and v) . After short ischemia (15 min), blood flow was restored almost completely (ϳ90%) at both the mesenteric and antimesenteric sides of the intestinal segment 5 min after releasing the occluder. In contrast, after long ischemia (40 min), releasing the occluder restored blood flow with local heterogeneity. At the mesenteric side (blue triangle in images of Fig. 2A, vi) , reperfusion occurred in most vessels (83.4 Ϯ 5.7%; n ϭ 8 experiments, 72 villi studied in total) as they demonstrated a return to normal With the use of confocal microscopy, RBC speed in single capillaries (diameter 3-6 m) was measured to assess semiquantitatively the rate of blood flow. The surgical preparation only allowed confocal imaging in a region approximately midway between the mesenteric and antimesenteric sides of the tissue. In planar confocal reflectance images, RBC brightly reflected laser light and blood flow appeared as streaks (Fig. 3A , i and ii). By rapid and repetitive confocal line scanning along the longitudinal axis of a capillary, XT images were acquired that permitted measuring RBC flow rate (Fig. 3A, iii) . To test the reliability of these observations, confocal fluorescent images were also collected and analyzed after labeling blood with fluorescein-dextran, according to Ref. 12 . In this mode, dark areas indicated RBC (which are nonfluorescent because of dye exclusion), and the fluorescent plasma appeared as bright regions (Fig. 3B, i) . In XT images, the speed of RBC flowing through vessels, V, was expressed as V ϭ ⌬x/⌬t, in which ⌬x is the average length of an RBC band that passes a fixed position of the vessel in a given period of time (⌬t) (Fig. 3B , ii and iii). The positive correlation (correlation coefficient r 2 ϭ 0.64) between RBC speed and capillary diameter is shown in Fig. 4 . These data were consistent with previous studies in other tissues (27) , indicating the reliability of our approach. Figure 5A shows representative results of quantitative measurement of RBC speed over time by confocal microscopy in microvessels of jejunal villi during short (15 min) IR.
Figure 5B presents confocal reflectance images at different stages of IR in the same experiment. Vessels had a diameter of 4.2 Ϯ 0.2 m (n ϭ 22 capillaries from 7 animals). At the start of the experiment, the average speed of RBC in villus microvessels was 1.2 Ϯ 0.3 mm/s, and blood flow appeared as streaks (Fig.  5B, i) . When blood flow was restricted by inflating the vascular occluder, RBC rapidly immobilized, defining an abrupt start of ischemia in the villus (Fig. 5B, ii) . Deflating the vascular occluder (starting the reperfusion interval) resulted in a robust recovery of RBC flow in all villi (Fig. 5B, iii) . After short ischemia, it took 3 min of reperfusion for villus blood flow to Fig. 2 . Stereo microscopy of jejunum, with controls (left), ischemia (middle) and ischemia ϩ reperfusion (right). A: macro overview of serosal side of tissue, showing short (15 min; i-iii) and long (40 min; iv-vi) ischemia, followed by 60 min of reperfusion (labeled control, ischemia, and reperfusion, respectively). The triangle represents the mesenteric side, and the asterisk represents the antimesenteric side. B: mucosal views of villi after long ischemia (40 min) and 60 min reperfusion, at mesenteric (i-iii) and antimesenteric (iv-vi) side of intestine. During ischemia, microvasculature is dilated, and blood pools in vessels (ii and v). Reperfusion rapidly restores blood flow with local heterogeneity; vessels on the mesenteric side promptly return to normal diameter (iii), but vessels on the antimesenteric side remain dilated (vi). Boundaries of individual villi are outlined by dashed circles, with arrowheads pointing to microvessels as schematically shown in the insert (i).
reach half of the control value, and, by 15 min of reperfusion, blood flow was completely restored to control level (1.2 Ϯ 0.2 mm/s). In contrast, after long ischemia (50 min), villus blood flow was heterogeneous during the reperfusion interval. Whereas one-third of the villi (14 out of 51) revealed the same prompt recovery as seen after short ischemia, in some areas villus blood flow only slowly started to recover and, even after 50 min, reached an only modest RBC flow rate of 30% of control value, whereas other villi (10 out of 51) did not show any restored blood flow throughout the total reperfusion period. Measurement of RBC velocity requires XT scanning and could not be combined with the planar imaging (XY scanning). Therefore, in subsequent studies, confocal reflectance microscopy was used to confirm qualitatively the timing and location of IR by simply noting conversion between streaks of RBCs and stationary RBCs within the blood vessels.
NAD(P)H. Fluorescence images of NAD(P)H fluorescence were collected to assess cellular metabolism during IR. Figures 6A and 7A present confocal fluorescence images of NAD(P)H (in cyan) during various stages of short and long IR, whereas Figs. 7B and 8B show the quantification of the NAD(P)H average intensity over time in a representative experiment. In control cells with normal blood flow, NAD(P)H autofluorescence intensity was stable, with an average intensity of 95 Ϯ 8 arbitrary units (n ϭ 9 experiments), but upon ischemia this intensity rapidly (within 2 min) increased by 23% (117 Ϯ 8 AU, t-test, P Ͻ 0.01) and remained elevated throughout the relatively short ischemia period. When the reperfusion interval was started, NAD(P)H fluorescence intensity rapidly (within 3 min) recovered to values similar to, or in many cases even slightly above, control level and remained stable during the rest of the reperfusion period (Fig. 6B, 20 -43 min) . This apparent recovery was also observed after long IR for the subset of villi that showed infrequent cell death. In contrast, in villi that had substantial cell death after long IR, NAD(P)H intensity was unstable, revealing autofluorescence intensity values that fell below control level during ischemia and declined even further during the subsequent reperfusion interval (Fig. 7, A and B ). NAD(P)H autofluorescence intensity served as a good marker of cell viability.
Mucosa and epithelial morphology and permeability. Simultaneously with NAD(P)H image collection, we used the transepithelial leakage of LY from the luminal (intervillus) compartment to the serosal (intravillus) compartment as an indicator for transepithelial LY leakage; the normalized LY fluorescence intensity ratio of the intravillus compartment vs. the intervillus compartment was used as an index of mucosal permeability. We previously applied a similar LY ratio as a gross measure for epithelial leakiness in colon tissue (8) . Figures 6 and 7 show the confocal fluorescence images and corresponding normalized LY-intensity ratio in response to short or long ischemia, in representative experiments. In the control situation, villus cells revealed a normal, prismatic shape and an intact plasma membrane as is clear from the absence of intravillus LY (Figs. 6A, i, and 7A, i) and we normalized the LY ratio to a value of 1. After short ischemia, plasma membranes were still intact because no sign of LY uptake by villus cells was observed (Fig. 6A, ii and iii) and the LY ratio only slightly but not significantly increased to 1.2 Ϯ 0.2 (t-test, P Ͼ 0.05 compared with control level, n ϭ 3 experiments) by 15 min of ischemia. During the reperfusion interval after short ischemia, no change in tissue morphology or permeability was noted, and the LY ratio remained below 1.5 (Fig. 6A, iv-vi, and B, 20 -40 min) .
During long ischemia, some epithelial cells showed large blebs, and modest epithelial cell uptake of LY was seen (red arrows in Fig. 7A, iv) . During the reperfusion interval after long ischemia, the majority of epithelial villus cells had blebs concomitant with strong LY uptake (red arrows in Fig. 7A , vii and viii). After reperfusion for 30 min, tissue permeability (LY ratio) increased to 4.4 Ϯ 0.3 times above control level (t-test, P Ͻ 0.001, n ϭ 3 experiments). At 50 min of reperfusion, even greater permeability coincided with abundant epithelial cell shedding from the villus (Fig. 7A, viii) . pH i . After BCECF dye loading, strong, homogeneous labeling of the cytoplasm was observed in villus tip epithelial cells, fibroblasts, and endothelial cells (Fig. 8A) . Figure 8 , B and C, shows representative experiments demonstrating pH i responses to, respectively, short or long IR. The pH i in control villus cells was 6.8 Ϯ 0.1 (n ϭ 18 experiments). Ischemia had a biphasic effect on pH i ; shortly after imposing ischemia, cells rapidly (68 Ϯ 9 s) and reproducibly alkalinized to pH i 7.1 Ϯ 0.1 (t-test, P Ͻ 0.05, compared with control pH i ) but then strongly acidified over the next 2-3 min to a stable pH i of 6.3 Ϯ 0.1 (t-test, P Ͻ 0.01, compared with control pH i ). The pH i remained acidified throughout both short and long ischemia. Upon reperfusion after short ischemia, the pH i of the villus cells rapidly recovered to 6.8 Ϯ 0.3 (n ϭ 6 experiments), which was not significantly different from the control pH i (ANOVA, P Ͼ 0.05) . Similar changes were observed upon applying a second round of short IR (data not shown). Results were different after long ischemia because some cells did not show recovery of the pH i and remained acidified (6.3 Ϯ 0.2; ANOVA, P Ͻ 0.001, vs. control pH i ; n ϭ 8 experiments), as exemplified by villus 2 in Fig. 8C . Figure 9 summarizes the pH i responses of villus tip cells during the reperfusion interval after both short and long ischemia. On the basis of the length of ischemia (either ϳ15 or ϳ50 min) and on the state of the cells after subsequent reperfusion (either healthy or dying), the cellular responses were categorized into 3 groups, short ischemia, reversible long ischemia, and irreversible long ischemia. Neither the control pH i nor the pH i during ischemia differed among these groups (ANOVA, Bonferroni's post hoc test, P Ͼ 0.05).
From correlating the pH i and NAD(P)H autofluorescence intensity simultaneously, it appeared that both parameters correlated very well with the eventual cell "fate"; after short ischemia, cells became acidified and NAD(P)H intensity increased, but, during the reperfusion interval, the control pH i and NAD(P)H level were restored and cells were healthy, showing that ischemia effects were reversible (Fig. 10A) . After long ischemia, however, two situations were encountered; in some cells, the ischemia-induced pH i and NAD(P)H effects could be reversed during the reperfusion interval, maintaining cell viability (reversible long ischemia; Fig. 10B ), whereas, in villus areas where long ischemia caused a majority of cells to die during the reperfusion interval, the recovery of pH i and NAD(P)H level was incomplete (irreversible long ischemia; Fig. 10C ). There was a tendency that the incomplete recovery occurred more often near the antimesenteric side, where most small vessels are located. However, this has not been studied quantitatively because the position of the confocal imaging area, halfway between the antimesenteric and mesenteric sides, did not allow for sampling of these sites in a representative and accurate way.
DISCUSSION
Methodological approach. Despite the vast number of experimental studies to assess the effects of IR on organ structure and function (4, 7, 16, 29, 30, 36) , there is only limited information on the rapid response of intestinal tissue to halted blood flow. We have developed a new in vivo mouse model to assess the early effects of IR in real-time on intestinal structure and function. The microscopic approach allows real-time monitoring of multiple parameters in the villus epithelium [blood flow, plasma membrane integrity, pH i , and NAD(P)H content] with a time resolution in the second range and a spatial resolution of a few microns. The results have enabled us to construct a more integrated picture of the rapid response to IR and define a window of time that promotes reversible injury.
Integrated picture of intestinal response to IR. Combining the data of our in situ experimental imaging studies permits the reconstruction of the events taking place in the mouse jejunal mucosa during short and long IR. As a first result of vascular clamping, blood flow is inhibited and intracellular alkalization takes place. This pH i effect is only transient, and we speculate that it is attributable to a short-lasting, overcompensatory action of the cell, perhaps involving stimulation of Na ϩ /H ϩ exchanger activity (1, 8) to counteract cell acidification processes. Subsequently, cells start to acidify, which is a common phenomenon in tissues made hypoxic by ischemia (e.g., 19, 33, 35) and is likely caused by anaerobic glycolysis and release of protons from ATP breakdown (28), although an involvement of inactivated Na ϩ /H ϩ exchangers cannot be ruled out (6, 19, 34). Within 5 min of ischemia, an early sign of villus cell injury becomes visible in the form of strong intracellular acidification. The concomitant increase in NAD(P)H fluorescence might reflect elevated mitochondrial energy production to meet the increased cellular demand for maintaining homeostasis. If the ischemic condition is brief (15 min), then these changes can be reversed after release of the vascular clamp (reperfusion interval), as can be concluded from the fact that the pH i rapidly recovered to control value and that cell NAD(P)H autofluorescence restored toward normal. Most likely, this reversal depended at least in part on the integrity of the plasma membrane, shown to be intact (normal LY permeability) during and after short ischemia. The response to long ischemia reveals a different picture. During 40 -50-min ischemia, cell injury in the jejunum becomes more severe and widespread as an increasing number of cells start losing normal morphology and reveal strongly decreased NAD(P)H levels while remaining acidified. Crucially, their plasma membrane becomes disrupted, as evidenced by strong cellular and tissue LY uptake. Interestingly, cells respond heterogeneously during the reperfusion interval. Whereas some cells stop deteriorating and recover, as documented by their recovering pH i and NAD(P)H level (reversible long ischemia), other cells show increased permeability upon reperfusion, cannot readily restore their pH i , demonstrate a progressive decrease in NAD(P)H level, and eventually die and are shed from the villus (irreversible long ischemia). As reperfusion time increases, the process of irreversible damage spreads to a larger number of cells. This phenomenon of increasing injury resulting in cell death and villus cell shedding has not been described in detail before for the mouse intestine but seems similar to that described for hepatocytes during IR. In hepatocytes, ATP depletion attributable to a lack of oxygen causes the cell to lose its normal shape and induces plasma membrane blebbing, whereas reperfusion after long exposure to ischemia leads to disruption of plasma membrane integrity and, consequently, to necrotic cell death (11) . The above reconstruction of cell fate during reperfusion after different periods of ischemia suggests that a rapid return to normal pH i , as induced by reperfusion, may be one cause of irreversible cell injury in cells previously exposed to a long period of ischemia. The mechanism of this ischemia-induced vulnerability to restored oxygen supply is not known, but various factors may be involved, such as the generation of free radicals from oxygen molecules, migration of lymphocytes, intracellular accumulation of cytotoxic Ca 2ϩ leading to apoptosis, and prolonged depletion of ATP causing cellular degeneration and apoptotic cell death (for review see Ref.
3). Also, decreased extracellular pH might play a role because, in astrocytes, rapid restoration of the normal extracellular pH restores ischemia-inhibited Na ϩ /H ϩ exchange (5); although this promotes recovery from intracellular acidosis, it may also lead to an increased cytosolic Na ϩ concentration that causes Na ϩ /Ca 2ϩ exchange to reverse, thereby inducing accumulation of cytotoxic Ca 2ϩ and subsequent cell death (5) . The mouse intestinal epithelium contains at least three types of Na ϩ /H ϩ exchanger (10, 37) . Further research will be needed to identify any transporter(s) that are involved in reperfusion-induced pH i recovery. Clearly, lowering the pH of the reperfusion medium might prevent activation of Na ϩ /H ϩ exchange processes, as was shown for reperfusion of ischemia-exposed astrocytes (5) .
Heterogeneous response. There may also be another explanation for cell death after ischemia, related to lack of blood flow rather than restoration of blood flow. In the heart, it has been noted that incomplete recovery from IR damage may not be caused by partial recovery of all individual cells but is instead due to heterogeneous recovery leading to a population consisting of both living and dead cells (11) . Our studies reveal a similar heterogeneity of cell viability in the mouse intestine. The heterogeneity in villus response to reperfusion after a long period of ischemia may be largely due to the differential showing pHi (means of 3 villi Ϯ SE) in response to short ischemia (15 min) and reperfusion. Ischemia causes rapid alkalization of jejunal epithelial cells, followed by acidification, which was restored to resting pHi by reperfusion. C: time course of pHi after long ischemia (ϳ40 min) and reperfusion. During reperfusion, pHi was restored in one-third of the villi (E, represented by villus 2), whereas the other villi remained acidified (‚, represented by villus 1). Fig. 9 . Responses of the pHi, reported by BCECF, to short and long IR. Neither the control pHi nor the pHi during ischemia statistically differs among the groups. *P Ͻ 0.01, #P Ͻ 0.001, compared with control pHi (ANOVA with Bonferroni's post hoc test). Fig. 10 . Correlation between simultaneously measured NAD(P)H level and pHi value, when cellular outcomes are grouped into 3 different categories as in Fig. 9 . A: short ischemia effects that can be reversed by reperfusion. B: long ischemia effects that can be reversed by reperfusion (reversible long ischemia). C: long ischemia effects that cannot be reversed by reperfusion (irreversible long ischemia). Means Ϯ SE. efficacy in restoring local circulation during the reperfusion interval. Stereo microscopy showed that after long IR, swollen vessels on the mesenteric side promptly returned to their normal diameter and had restored blood flow to villi. In contrast, on the antimesenteric side many vessels remained dilated even during prolonged reperfusion, and their blood flow remained halted (potentially because of thrombus formation). Confocal imaging of the transitional area between the mesenteric and antimesenteric side showed that some villus cells recovered, whereas others did not. Combined, results allow speculation that cell death will occur preferentially at the antimesenteric side after IR damage. The regional heterogeneity in restoration of normal blood flow may explain confusion in the literature about the time sequence of cellular events during IR-induced epithelium damage. However, this idea awaits further proof because this surgical model does not allow for precise regional positioning during high-resolution microscopy. Also, although our approach offers the opportunity to measure various physiological parameters with high resolution at the cellular and subcellular level in vivo and in real-time, the different imaging techniques preclude measuring all these parameters simultaneously. Specifically, blood flow measured by stereo microscopy or XT confocal imaging cannot be combined in real-time with NADPH, pH i , and LY measurements, which are performed by planar confocal imaging.
It should be noted that there is heterogeneity in vulnerability to IR damage along the villus-crypt axis, which has not been addressed in our study of villus tip cells. Cells at the tip of a villus are more prone to damage than cells located more basally because they are more exposed to mechanical forces ("wear and tear") from the luminal contents and also because they can be exposed to different oxygen tensions attributable to the countercurrent oxygen exchange mechanism operating along the length of the villus. In this respect, it should be noted that, in our studies, the O 2 tension of the luminal superfusate was in equilibrium with atmospheric oxygen (160 mmHg), a level that is higher than the in vivo O 2 tension in the intestine. It has been reported that, depending on the site of the intestine and the feeding condition, oxygen tension ranges from 0.5 mmHg at the villus tip to about 60 mmHg in the lumen (9) . As a consequence of this relatively high O 2 tension in our experiments, villus cells may suffer ischemic damage more slowly than during physiological conditions.
The complex interplay of topological and cell-specific factors that influence vulnerability to IR damage creates high challenges for developing protective therapies against IR damage in the intestine and other ischemia-sensitive tissues.
Conclusions. Our jejunum model provides an integrated insight into the in situ tissue and cellular and subcellular events occurring during IR in the mouse jejunum. The pH i and the NAD(P)H level are suitable markers for early ischemia-induced damage and subsequent reperfusion-induced mucosal recovery. The adverse effects of short ischemia are reversible, but, after long ischemia, reperfusion cannot restore normal epithelial cell structure and function when integrity of some cells has been impaired irreversibly. Our data help provide a basis for future testing of strategies that may be beneficial for diminishing or even preventing the adverse effects of IR on the gastrointestinal tract and on other IRsensitive organs.
